The emission transition dipole moments of single-molecule free-base phthalocyanines at an air/glass interface were visualized using defocused wide-field fluorescence microscopy at a temporal resolution of 100-200 ms. Isolated molecules showed slow proton tautomerization, which is consistent with previous theoretical calculations in the gas phase, which predicted large activation energies.
Phthalocyanines (Pcs) are macrocyclic molecules with p-electron conjugation similar to that of hemes in biological systems.
Owing to their characteristic light absorption/emission, electronic properties, and planar structures, Pc derivatives often play a key role in various chemical systems such as electronic devices, catalysts, supramolecules, and in scanning tunnelling microscopy imaging. [1] [2] [3] [4] [5] [6] [7] Additionally, tautomerization through innerproton transfer in the central cavity of the molecule is known in the free-base phthalocyanine (H 2 Pc) both theoretically [8] [9] [10] [11] [12] and experimentally [13] [14] [15] [16] (Fig. 1A) . Interestingly, the orientation of the emission transition dipole moment (ETDM, or molecular orbital) rotates 901 with this tautomerization; [11] [12] [13] [14] [15] therefore, the applications of these molecules as a molecular memory and a conductivity switch were expected. [13] [14] [15] The timescale of the tautomerization of H 2 Pc in the crystal state was estimated by NMR to be fast, that is, 0.01 ms at around room temperature. 16 On the other hand, by using density functional theory (DFT) calculations for the tautomerization of H 2 Pc in the gas phase, a large activation energy of 64.2 kJ mol À1 (27 in k B T 289 units) has been predicted. 10 This suggests a much slower rate of tautomerization for isolated H 2 Pc molecules. However, an early attempt to use fluorescence microscopy to visualize the ETDMs of single H 2 Pcs embedded into polymers or attached to silica failed, 17 presumably because of the low rate of image acquisition (B100 s) compared with the rate of tautomerization. In this study, we report the real-time visualization of the ETDMs of single H 2 Pcs using defocused wide-field microscopy at a temporal resolution of 100 ms. [18] [19] [20] [21] [22] [23] We found that a H 2 Pc derivative shows slow tautomerization at an air/octadecyl-group-modified glass interface, which is consistent with previous DFT calculations. H 2 Pc is a bright fluorescent dye that shows strong absorption around the red region (650-700 nm) and deep-red emission peaks (around 700 nm) 24 ( Fig. 1B) . We first tried visualizing the fluorescence emission from single H 2 Pc molecules at the air/bare-glass interface. Fig. 2A-D ). In the absence of H 2 Pc (Fig. 1D) , no clear spots were observed, indicating that these spots were not signals from contaminants in the solvent. The intensity profile of each spot was fitted well with a Gaussian curve (Fig. 2C , two insets). The full-width at half-maximum (FWHM) was 578 AE 64 nm (mean AE SD for N = 10 spots). Typical time courses of the fluorescence intensity of single spots are plotted in Fig. 2E . Single-step photo-bleaching, in which spots lost their intensity suddenly, were observed in the time courses. Such single-step photo-bleaching is a typical property of single fluorophores in single-molecule imaging. The signal-to-noise ratio (SNR) 25, 26 in the time courses was 7.1 AE 3.5 at 5 frames per second (fps) (mean AE SD for N = 18 spots). To further confirm that the observed spots corresponded to the fluorescence emission from single-molecule H 2 Pc, the distribution of the durations before the photo-bleaching was investigated by counting the number of spots in a unit area versus time. The distribution was reproduced well by a single-exponential decay, indicating a stochastic firstorder reaction consistent with irreversible photo-bleaching of single molecules ( (room temperature, laser power of 11.6 mW mm À2 ), the time constant for photo-bleaching was 8.2 s. From these results, we concluded that fluorescence emission from single H 2 Pc molecules was visualized successfully with a temporal resolution of 100 ms.
Next, we determined directly the ETDM of single H 2 Pc molecules through defocused wide-field imaging. [18] [19] [20] [21] [22] [23] The height of the objective lens was moved by B1 mm toward the sample plane to generate defocused images 18 ( Fig. 1D) . A typical transition process from the focused image to the defocused image of single H 2 Pc molecules bound to a C18-glass, surface-modified with octadecyl groups (see ESI ‡), is shown in Fig. 3A . As shown in Fig. 3B , anisotropic double-lobe-like patterns of single H 2 Pc molecules were observed in the defocused image. The double-lobe images are similar to those observed in the defocused imaging of fluorescent dyes such as rhodamine 19 and perylenediimide, [20] [21] [22] [23] attached to a glass surface. In these dyes, it is known that the orientation of the double-lobe image indicates that of the ETDM. [18] [19] [20] [21] [22] [23] In theoretical calculations of the molecular orbitals of H 2 Pc, the LUMO (lowest unoccupied molecular orbital) has anisotropy in connection with the position of the two hydrogen atoms in the molecule (Fig. 1C) . 11, 12 Although the two isomers are chemically identical, [8] [9] [10] the tautomers are distinguishable because the anisotropy rotates by 901. Therefore, the observation of a double-lobe pattern strongly suggests that both tautomerization and rotational motion of H 2 Pc on C18-glass are much slower than the timescale of observation (100 ms). On the other hand, not the double-lobe but a donut pattern was observed when the bare glass was used (not shown). Silanol groups of the silicate glass and adsorbed water on the surface may increase the rate of tautomerization of H 2 Pc. Alternatively, H 2 Pc may show much faster molecular rotation on the bare glass.
Although the double-lobe-like patterns of H 2 Pc were observed, H 2 Pc itself was not suitable for kinetic analysis owing to the slow lateral diffusion on the surface of the C18-glass on longer timescales (for 10 s, see Movie S1, ESI ‡). Therefore, we used a H 2 Pc derivative, H 2 Pc8, which has eight octyl groups at peripheral positions of H 2 Pc (Fig. 1A) , expecting a stronger van der Waals interaction with C18-glass. The optical properties such as absorption and emission of H 2 Pc8 were similar to those of H 2 Pc (see ESI ‡), and, as expected, the lateral diffusion of H 2 Pc8 on C18-glass was suppressed effectively (see Movie S1, ESI ‡). In defocused imaging of H 2 Pc8 at the air/C18-glass interface, most molecules showed the double-lobe pattern (92% of 789 spots; the residual 8% showed the donut pattern).
Basically, the orientation of the double-lobe patterns was stationary and not changed during observation, indicating that the timescale of tautomerization and molecular rotation of H 2 Pc8 on the C18-glass is much longer than that of photo-bleaching (8.2 s). On the other hand, of the defocused images that formed the double-lobe pattern, 13% (97 spots) showed switching to another orientation during observation (Fig. 4A , Movie S2, ESI ‡). The origin of two different populations, stationary and switchable, is unknown so far. They may come from the inhomogeneous properties of the C18 glass surface to which H 2 Pc8s are bound. A montaged image and a time course of the ETDM angle are shown in Fig. 4B-D . In the histogram of angle distribution, two peaks appeared in most cases (Fig. 4E) . The difference in the angle between the two peaks was defined as the step angle, Dy, for each molecule. The distribution of Dy is shown in Fig. 4F . Through fitting with a Gaussian curve, the step angle for H 2 Pc8 was determined to be 89 AE 161 (mean AE SD, N = 81 molecules), strongly suggesting that switching arises from tautomerization ( Fig. 1A and C) . The average time before switching to the next orientation was 2.3 AE 3.9 s (mean AE SD, N = 265 events). Our results indicate that the rate of tautomerization is very slow compared with the reported value for H 2 Pc in the crystal state (E0.01 ms at 298 K). 16 In other words, the timescale of the tautomerization of H 2 Pc8 at the air/C18-glass interface at room temperature is a few seconds or longer. The activation energies of the fast tautomerization of H 2 Pc in the crystal state have been estimated to be 39 and 32 kJ mol À1 (16 and 13 in k B T 289 units) for the a-and b-form crystals, respectively. 16 However, through DFT calculations for the tautomerization of H 2 Pc in the gas phase, a larger value of 64.2 kJ mol À1 (27 in k B T 289 units) has been predicted. 10 The electronic state in the crystal must be different from that in a fully isolated environment such as the gas phase because of intermolecular p-p interactions caused by molecular packing. 27, 28 It is highly likely that our experimental conditions using the air/glass interface for the visualization of isolated We visualized the fluorescence emission from single free-base phthalocyanines at the air/glass interface under ambient conditions using optical microscopy. The single H 2 Pc was imaged as bright spots for several seconds with a temporal resolution of 100 ms. Tautomerization of H 2 Pc8 on a timescale much longer than 100 ms was observed at the air/C18-glass interface. Furthermore, intermittent ETDM switching with a step size of 901 was captured. We concluded that the timescale of tautomerization by proton transfer in H 2 Pc8 at the air/C18-glass interface at room temperature is a few seconds or longer. 
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